Feeding-related metabolic factors exert regulatory influences on the hypothalamic-pituitarygonadal axis. Glucagon-like peptide-1 (GLP-1) is an anorexigenic hormone synthesized from the ileum in response to food intake. The purpose of this study was to examine the direct effect of GLP-1 on hypothalamic kisspeptin and gonadotropin-releasing hormone (GnRH) expression using the rat clonal hypothalamic cell line rHypoE-8. GLP-1 significantly increased Kiss-1 mRNA expression in rHypoE-8 cells up to 1.94 ± 0.22-fold. This effect of GLP-1 on Kiss-1 gene expression was also observed in GT1-7 GnRH-producing neurons and in primary cultures of fetal rat brain. GLP-1 increased cAMP-mediated signaling, as determined by cAMP response element activity assays, but failed to activate extracellular signal-regulated kinase pathways. Another anorexigenic factor, leptin, similarly increased Kiss-1 mRNA levels up to 1.34 ± 0.08-fold in rHypoE-8 cells. However, combined treatment with GLP-1 and leptin failed to potentiate their individual effects on Kiss-1 mRNA expression. Gnrh mRNA expression was not significantly increased by GLP-1 stimulation in rHypoE-8, but kisspeptin significantly stimulated the expression of Gnrh mRNA in these cells. Our current observations suggest that the anorexigenic peptide GLP-1 directly regulates Kiss-1 mRNA expression in these hypothalamic cell lines and in neuronal cells of fetal rat brain and affects the expression of Gnrh mRNA.
Introduction
Female reproductive cycles and capacity are precisely controlled by the hypothalamic-pituitary-gonadal (HPG) axis. Gonadotropinreleasing hormone (GnRH) released from the hypothalamus reaches the anterior pituitary via the portal circulation, and stimulates the release of the pituitary gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone [1] . Subsequently, gonadotropins stimulate sex steroid synthesis and follicle maturation in the ovary. A new concept of the HPG axis was established after the discovery of inactivating mutations in the kisspeptin receptor of patients with idiopathic hypogonadotropic hypogonadism [2, 3] , and hypothalamic kisspeptin is currently understood to be located upstream of GnRH neurons and to govern the HPG axis [4, 5] .
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Although it is obvious that hypothalamic kisspeptin and GnRH, as well as pituitary gonadotropins, play a pivotal role in the HPG axis, large numbers of central and peripheral factors are involved in and affect the HPG axis. Among these, gastrointestinal hormones associated with feeding and energy metabolism are major limiting factors affecting reproductive functions, and are implicated in regulating the HPG axis. For example, ghrelin, which stimulates food intake, is a potent activator of the HPG axis and is implicated in the onset of puberty [6] . Similarly, leptin, which is produced by adipose tissue, increases gonadotropin secretion and is associated with reproductive functions [7] . Leptin seems to be mediated at the hypothalamic level because leptin receptor knockout mice are completely infertile [8] .
Glucagon-like peptide-1 (GLP-1) is a gastrointestinal hormone produced by L cells in the small intestine and colon. GLP-1 is released in response to food intake [9, 10] and exerts its effect by binding to the GLP-1 receptor (GLP-1R) [11] . GLP-1 is also produced in the central nervous system as a brain neuropeptide, and the peptide has been identified in the brain, including the hypothalamus [12, 13] . Interestingly, it has been reported that the GLP-1 precursor expressed in the brain is inhibited during fasting [14] and upregulated during high-fat diet feeding [15] . GLP-1 and GLP-1R are widely expressed in the central nervous system and in peripheral organs [16, 17] . Several biological activities of GLP-1 have been identified, and the best-known ability of GLP-1 is to induce insulin secretion by pancreatic β cells in a glucose-dependent manner [18] . In addition, GLP-1 is associated with the control of various endocrine and behavioral responses [19] . Studies in rodents have shown that central or peripheral administration of GLP-1 inhibits food and water intake [20, 21] . GLP-1 produces relevant effects on the neuroendocrine axis, and both GLP-1 and exendin-4 (an antagonist of the GLP-1R) increase the activity of the hypothalamic-pituitary-adrenal axis [22] . GLP-1 also modifies the secretion of thyrotropin [23] . Furthermore, GLP-1 has a stimulatory effect on the HPG axis. In a previous study using hypothalamic neuronal cell lines, GLP-1 was shown to augment GnRH secretion [24] . A more recent study by Outeirino-Iglesias et al. [25] clearly demonstrated in female rats that GLP-1 increases the preovulatory LH surge and the number of mature follicles, as well as synchronizes the onset of puberty.
Reproductive dysfunction is associated with metabolic imbalance and investigation of the action of this anorexigenic peptide on the components of the HPG axis that would help to identify the molecular mechanism linking metabolic status with reproductive functions. We assumed that GLP-1 affects the HPG axis. In this study, we examined the effect of GLP-1 on the expression of the KiSS-1 metastasissuppressor (Kiss-1) gene (which encodes kisspeptin protein) using hypothalamic cell lines and primary cultures of fetal rat brain. We found that GLP-1 has the ability to stimulate Kiss-1 gene expression.
Materials and methods

Materials
The following chemicals and reagents were obtained from the indicated sources: GIBCO fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA); Dulbecco modified Eagle medium (DMEM), GLP-1, exendin fragment 9-39, CPTcAMP, and penicillin-streptomycin (Sigma-Aldrich Co., St. Louis, MO); leptin (Tocris Bioscience, Bristol, UK); kisspeptin-10 (AnaSpec, Fremont, CA); and DNase I (Promega Co., Madison, WI).
(A) (B) Figure 1 . Expression of the GLP-1 receptor in hypothalamic cell models. (A) Total RNA was prepared from each hypothalamic cell model and RT-PCR was performed for 40 cycles using specific GLP-1 receptor (GLP-1R) primers. PCR products were resolved on a 2% agarose gel and visualized with ethidium bromide staining. (B) Cell lysates (10 μg) from rHypoE-8 cells, GT1-7 cells, and primary cultures of fetal rat brain were analyzed by SDS-PAGE followed by immunoblotting and incubation with antibodies against GLP-1R. The bands were visualized using HRP-conjugated secondary antibody.
Cell culture
The embryonic rat hypothalamic cell line R8 (rHypoE-8) was purchased from COSMO Bio Co., Ltd (Tokyo, Japan). The mouse GnRH-producing hypothalamic cell line GT1-7 was kindly provided by Dr P. Mellon of the University of California (San Diego, CA) [26] . Cells were plated in 35-mm tissue culture dishes and incubated with high-glucose DMEM containing 10% heat-inactivated FBS and 1% penicillin-streptomycin at 37 • C under a humidified atmosphere of 5% CO 2 in air. After 24 h, the culture medium was changed to high-glucose DMEM containing 1% heat-inactivated FBS and 1% penicillin-streptomycin and incubated without (control) or with the test reagents for the indicated periods.
Primary culture of neuronal cells of fetal rat brain
Six to eight fetal rat brains were obtained from fetuses from a female rat at 16-18 days of gestation under deep sodium pentobarbital anesthesia. Whole brains from fetal rats were excised and minced before being incubated in Ca ++ /Mg ++ -free Hanks balanced salt solution (CMF-HBSS) containing 10 mg/mL trypsin and 2 mg/mL collagenase (Nitta Gelatin, Osaka, Japan) for 15 min at 37 • C. Samples were then incubated in an identical solution containing 0.5 μg/mL DNase I (Boehringer-Mannheim, Mannheim, Germany) for 5 min at 37 • C. After incubation in CMF-HBSS containing 5 mM ethylenediaminetetraacetic acid (Wako Pure Chemicals, Osaka, Japan) for 5 min at 
Western blot analysis
Cell extracts were lysed on ice with RIPA buffer (phosphate-buffered saline [PBS], 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) containing 0.1 mg/mL phenylmethylsulfonyl fluoride, 30 mg/mL aprotinin, and 1 mM sodium orthovanadate, scraped for 20 s, and centrifuged at 14 000 × g for 10 min at 4 • C. Protein concentration in cell lysates was measured using the Bradford method. Denatured protein (10 μg per well) was resolved in a 10% SDS-PAGE gel according to standard protocols. Protein was transferred onto polyvinylidene difluoride membranes (Hybond-P PVDF, Amersham Biosciences, Little Chalfont, UK), which were blocked for 2 h at room temperature in Blotto (5% milk in tris-buffered saline). Membranes were incubated with anti-GLP-1R antibody (1:200 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in Blotto overnight at 4 • C and washed 3 times for 10 min per wash with tris-buffered saline/1% Tween. Subsequent incubation with HRP-conjugated monoclonal antibody was performed for 1 h at room temperature in Blotto, and additional washes were performed appropriately. After enhanced chemiluminescence detection (Amersham Biosciences), membranes were exposed to X-ray film (Fujifilm, Tokyo, Japan).
RNA preparation, reverse transcription, and quantitative real-time polymerase chain reaction
To examine the expression of Kiss-1 mRNA, rHypoE-8 cells were stimulated with increasing concentrations of GLP-1 (from 0.1 nM to 100 nM) in 1% FBS-containing medium and cultured for 24 h. When GT1-7 cells and primary cultures of fetal rat brain were used, they were stimulated with 1 nM GLP-1 in 1% FBS-containing medium for 24 h. Total RNA from these cells was extracted using TRIzol-LS (Invitrogen) according to the manufacturer's instructions. To obtain cDNA, 1.0 μg total RNA was reverse transcribed using an oligo-dT primer (Promega) and prepared using a First-Strand cDNA Synthesis Kit (Invitrogen) in reverse transcription (RT) buffer. The preparation was supplemented with 10 mM dithiothreitol, 1 mM of each dNTP, and 200 U RNase inhibitor/human placenta ribonuclease inhibitor (code no. 2310; Takara, Tokyo, Japan) in a final volume of 10 μL. The reaction was incubated at 37 • C for 60 min. Quantification of kiss-1 and Gnrh mRNA was obtained through quantitative real-time polymerase chain reaction (PCR; ABI Prism 7000; Perkin-Elmer Applied Biosystems, Foster City, CA) following the manufacturer's protocol (User Bulletin No. 2) and using a Universal Probe Library Probe and Fast Start Master Mix (Roche Diagnostics, Mannheim, Germany). Using specific primers for rat Kiss-1 [27] (forward: 5 -ATGATCTCGC TGGCTTCTTG GCA-3 and reverse: 5 -AGTTCCAGTT GTAGGTGGAC AGGT-3 ) and mouse Gnrh [28] (forward: 5 -ACTGTGTGTT TGGAAGGCTG C-3 and reverse: 5 -TTCCAGAGCT CCTCGCAGAT C-3 ), the simultaneous measurement of mRNA and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) permitted normalization of the amount of cDNA added per sample. For each set of primers, a no template control was included. Thermal cycling conditions were as follows: 10-min denaturation at 95 • C, followed by 40 cycles of 95 • C for 15 s and 60 • C for 1 min. Reactions were followed by melting curve analysis (55 • C-95 • C). To determine PCR efficiency, a 10-fold serial dilution of cDNA was performed as previously described [29] . PCR conditions were optimized to generate >95% PCR efficiency and only those reactions with between 95% and 105% efficiency were included in subsequent analyses. Relative differences in cDNA concentration between baseline and experimental conditions were then calculated using the comparative threshold cycle (Ct) method [30] . Briefly, for each sample, a Ct was calculated to normalize for the internal control using the equation: Ct(gene) -Ct(GAPDH). To obtain the difference between the experimental and control conditions, the Ct was calculated: Ct(sample) -Ct(control). Relative mRNA levels were then calculated using the equation: fold difference = 2 Ct . To amplify Glp-1r mRNA, we used specific primers for rat Glp-1r (forward: 5 -CCGGGTCATC TGCATCGT-3 and reverse: 5 -AGTCTGCATT TGATGTCGGT CTT-3 ) [31] .
Reporter gene assay
When the activity of the luciferase promoter containing the serum response element (Sre) or the cAMP response element (Cre) was measured, the rHypoE-8 cells were transfected with either pSre-Luc (2.0 μg DNA) or pCre-Luc (2.0 μg DNA), which contain five tandem repeats of either the Sre or Cre enhancer (×4), upstream of the firefly luciferase gene, respectively, with or without (mock) receptor overexpression. As an internal control, cells were co-transfected with 0.1 μg of the Prl-TK vector (Promega), which encodes Renilla luciferase. After incubation with test reagents, cells were washed with ice-cold PBS and lysed with Passive Lysis Buffer (Promega). After centrifugation at 15 000 × g and 4 • C, firefly luciferase and Renilla luciferase activity in the supernatant was measured using a luminometer (TD-20/20) and the Dual-Luciferase Reporter Assay System (both Promega) according to the manufacturer's protocol. Firefly luciferase activity was normalized to that of Renilla luciferase to correct for transfection efficiency, and the results were expressed as fold increases compared with the unstimulated control.
Statistical analysis
All experiments were repeated independently at least three times. Each experiment in each experimental group was performed using triplicate samples (luciferase assays) or duplicate samples (real-time RT-PCR). Briefly, when we determined the mRNA expression, two samples were assayed in duplicate. Six averages from three independent experiments were statistically analyzed. When we performed the luciferase assay, three samples were assayed in one experiment, and three averages were statistically analyzed. Data are expressed as the mean ± SEM. For the dose response assays of GLP-1 and leptin and the assays of the effect of exendin and H89, data were compared by one-way ANOVA followed by a Turkey post hoc test. When we simply compared Kiss-1 or Gnrh mRNA levels between control and stimulated cells, data were compared by a paired Student t-test. P < 0.05 was considered statistically significant.
Results
Effect of glucagon-like peptide-1 on Kiss-1 mRNA expression in hypothalamic cell models First, we examined whether the rat hypothalamic cell line rHypoE-8 expresses GLP-1R. Using RT-PCR and specific GLP-1R primers, Glp-1r mRNA was amplified from rHypo-E8 cells. Glp-1r mRNA was also amplified from another immortalized hypothalamic cell line, GT1-7, which is a GnRH-producing cell model, as well as from primary cultures of whole fetal rat brain ( Figure 1A ). Western blotting analysis using an anti-GLP-1R antibody showed an immunoreactive band corresponding to 56 kDa, the expected molecular weight of GLP-1R, in these cells ( Figure 1B) . Several immunoreactive bands were also observed in different cell models, probably due to the existence of receptor subtypes or protein degradation. To examine the direct effect of GLP-1 on kisspeptin expression in cells of the hypothalamus, rHypoE-8 cells were treated with GLP-1, and Kiss-1 mRNA expression was determined by real-time RT-PCR. Kiss-1 mRNA expression in rHypoE-8 cells was significantly increased by GLP-1 treatment. GLP-1 (1 nM) increased Kiss-1 mRNA expression up to 1.94 ± 0.22-fold compared with untreated cells. A significant increase was obtained at 100 nM of GLP-1, but not at 10 nM ( Figure  2A ). GT1-7 cells also express the Kiss-1 gene, which was increased by 1 nM GLP-1 stimulation (1.51 ± 0.11-fold) ( Figure 2B ). In addition, Kiss-1 expression in primary cultures of fetal rat brain was significantly increased by GLP-1 stimulation (1.54 ± 0.21) ( Figure 2C ).
Effect of glucagon-like peptide-1 receptor antagonist on glucagon-like peptide-1-induced Kiss-1 mRNA expression in embryonic rat hypothalamic cell line R8 cells
Next, we applied a GLP-1R antagonist, exendin fragment 9-39, to determine the effect on Kiss-1 mRNA expression. GLP-1 significantly increased Kiss-1 mRNA expression in rHypoE-8 cells, but this effect was completely prevented in the presence of exendin fragment 9-39 ( Figure 3 ).
Effect of glucagon-like peptide-1 on serum response element-and cAMP response element-luciferase promoters in embryonic rat hypothalamic cell line R8 cells
The Sre is a domain in the promoter region that binds extracellular signal-regulated kinase (ERK)-mediated transcription factors. The Cre promoter is a target of the cAMP/protein kinase A (PKA) signaling pathway. When rHypoE-8 cells were stimulated with GLP-1, Cre promoter activity, but not that of the Sre promoter, was increased significantly ( Figure 4A and B) . Induction of Kiss-1 mRNA by GLP-1 was completely inhibited in the presence of H89, a PKA inhibitor ( Figure 4C ). We also confirmed that the cAMP analog CPT cAMP increased the expression of Kiss-1 mRNA in rHypoE-8 cells ( Figure 4D ).
Effect of leptin on Kiss-1 mRNA expression in embryonic rat hypothalamic cell line R8 cells
Leptin, which is released from adipocytes, is one of the anorexigenic factors that are also associated with reproductive regulation. Leptin also significantly increased Kiss-1 mRNA expression, up to 1.34 ± 0.08-fold at 100 nM ( Figure 5A ). When we compared the effect of leptin with that of GLP-1, we found that they increased kiss1 mRNA expression to similar levels. In addition, we found that combined treatment with GLP-1 and leptin failed to augment, but rather blocked their individual significant effects ( Figure 5B ).
Effect of glucagon-like peptide-1 on Gnrh mRNA expression in hypothalamic cell models GnRH expression in GT1-7 cells and primary cultures of fetal rat brain was not significantly altered by the treatment with GLP-1 (Figure 6B and C).
Kisspeptin increases gonadotropin-releasing hormone mRNA expression in rHypoE-8 cells 
Discussion
Adequate nutrition and caloric energy are necessary to maintain normal reproductive functions in mammals [32] , and energy restriction or high-energy expenditure results in dysfunction of the HPG axis. A recent PubMed search revealed relatively few studies describing the relationship between GLP-1 and the HPG axis. In our present study using the hypothalamic cell lines rHypoE-8 and GT1-7 and primary cultures of fetal rat brain, all of which express GLP-1R, we found that GLP-1 directly increased Kiss-1 gene expression. The increase in Kiss-1 mRNA expression induced by GLP-1 was not particularly drastic, but we found that a relatively low concentration of GLP-1 (1 nM) was sufficient to achieve maximal effect on Kiss-1 gene expression. Previous reports have suggested the physiological roles of GLP-1 in hypothalamic neurons. Shughrue et al. [33] analyzed the distribution of Glp-1r mRNA by in situ hybridization and found that it is expressed in the parts of the hypothalamus that include the arcuate, supraoptic, and periventricular nuclei, which all play important roles in the HPG axis. In particular, GLP-1R is highly expressed in the arcuate nucleus in which kisspeptin neurons are located [34] . Furthermore, immunohistochemical studies of mouse brain slices revealed that GLP-1-producing fibers are closely apposed to arcuate nucleus (ARC) kisspeptin neurons [35] . Previous studies also suggested a potential role for GLP-1 in feeding behavior. It was revealed that intracerebroventricular injection of GLP-1 in the fasting rat dramatically attenuated feeding behavior [36] . The possible role of GLP-1 as a metabolic signal in the reproductive system was proposed in 1998 by Beak et al. [24] . In that study, they showed that GLP-1 caused an increase in GnRH release from GT1-7 cells and that intracerebroventricular injection of GLP-1 produced a prompt increase in plasma LH concentrations in male rats. A more recent study using a rat in vivo model demonstrated a positive effect of GLP-1 on the amplitude of the preovulatory LH surge, as well as on the number of mature follicles [25] . These previous observations implied that GLP-1 is a stimulator of the HPG axis.
It is generally agreed that kisspeptin is positioned upstream of GnRH and integrates the HPG axis [5, 37] . Although we did not determine the effect of GLP-1 on kisspeptin release, our observation that GLP-1 can stimulate Kiss-1 gene expression is consistent with previous reports that GLP-1 positively affects the HPG axis and suggests that GLP-1 can stimulate both gene expression and secretion of kisspeptin as a secretagogue of kisspeptin neurons. In rodents, central expression of kisspeptin has been demonstrated in two major neuronal populations within the hypothalamus: the ARC and anteroventral periventricular nucleus (AVPV) [38] . In humans and other primates, however, Kiss-1 mRNA is predominantly expressed within the infundibular nucleus [39] . Kisspeptin neurons in different populations respond to sex steroids differently [40, 41] . Thus, it was thought that kisspeptin neurons within the ARC mediate negative sex steroid feedback, whereas those in the AVPV might mediate estrogenic positive feedback. Furthermore, kisspeptin neurons in the ARC (rodents) or infundibular nucleus (human) co-express neurokinin B and dynorphin and are referred to as KNDy neurons [42] . It is still unknown which populations of kisspeptin neurons are affected by GLP-1 because we used hypothalamic cell models and primary cultures of fetal rat neuronal cells that contained neuronal cells from whole brain. However, a recent study by Heppner et al. [35] clearly showed that GLP-producing neuronal fibers are closely apposed to ARC kisspeptin neurons. Furthermore, we also found that kisspeptin expression in rHypoE8 cells is increased by E2 (data not shown) and in the primary cultures of fetal rat brain as well, suggesting that these cell models have similar characteristics to AVPV kisspeptin neurons. Therefore, GLP-1 could affect kisspeptin neurons in both populations. We should determine how GLP-1 differently affects the different populations of kisspeptin neurons to determine the detailed mechanisms underlying the effects of GLP-1 on reproductive functions.
A previous study by Beak et al. [24] showed that GLP-1 stimulates GnRH secretion from GnRH-producing GT1-7 cells and isolated hypothalamic tissues. A question arose as to whether GLP-1 directly or indirectly stimulated GnRH release from GnRH neurons. GLP-1-producing fibers closely contact GnRH neurons, and GLP-1R agonist electrophysiologically activates GnRH neurons [43] . In addition, GLP-1 can stimulate the release of GnRH from GT1-7 cells [24] . These observations imply that GLP-1 could act at the level of GnRH neurons. Both rHypoE-8 and GT1-7 express kisspeptin and GnRH. These neuropeptides were also produced in the primary cultures of fetal rat brain. In these cells, GLP-1 increased Kiss-1 mRNA but failed to stimulate Gnrh mRNA expression. This observation shows that GLP-1 might not act directly on the GnRH neurons in our cell model. However, kisspeptin administration increased Gnrh mRNA expression in rHypoE-8, suggesting that exogenous kisspeptin can stimulate GnRH expression in rHypoE-8 cells, as expected. The immortalized cell lines rHypoE-8 and GT1-7 are supposed to be heterogeneous neuronal cell populations because these cells express at least two neuropeptides, kisspeptin and GnRH. Indeed, we detected GnRH expression in rHypoE-8 cells, and GT1-7 cells also express kisspeptin [44] . Primary cultures of fetal rat brain cells are entirely heterogeneous populations [45] . First, we expected that GLP-1 would increase GnRH synthesis in this cell population because GLP-1 stimulated Kiss-1 gene expression and probably increased the release of kisspeptin, which should act on GnRH-producing cells that are neighboring kisspeptin-producing cells. The reasons why GLP-1 failed to stimulate GnRH expression might include: (1) the amount of kisspeptin released from kisspeptin-producing neurons is insufficient, (2) these model cells are unable to secrete kisspeptin, and (3) cell lines or dispersed neuronal cells do not have synaptic contact with other types of neuronal cells, which would be necessary to communicate with or govern the neuronal cells in normal hypothalamic tissues. The original characteristics of GT1-7 cells or primary cultures as hypothalamic neurons might be altered by the experimental conditions. At present, we cannot exclude the possibility that GLP-1 has a direct effect on GnRH neurons. Therefore, further study is required. Many reports have described leptin and the HPG axis and their potential relationship. Like GLP-1, leptin is an anorexigenic peptide secreted by adipocytes [46] , and leptin deficiency results in delayed puberty and hypogonadotropic hypogonadism [47] . Kisspeptin neurons express the leptin receptor, and its knockout animals (ob/ob mice) have reduced Kiss-1 mRNA compared with wild-type control [48] . Thus, kisspeptin is implicated as an intermediary between leptin action and GnRH function. GLP-1 increased Kiss-1 mRNA expression to a degree similar to leptin, but combined stimulation with GLP-1 and leptin did not potentiate but instead blocked their individual significant effects. GLP-1R typically couples via stimulatory G proteins to adenylate cyclase [49] . Leptin signaling includes that mediated by JAK-STAT, PI3K-Akt, SHP2-ERK, AMPK, and mTOR-S6K [50] . In our analyses, leptin did not stimulate Cre promoter activity (data not shown), suggesting that these two peptides do not share signaling pathways at the Cre-dependent transcriptional level. However, a previous study suggested that GLP-1 might activate AMPA/mTOR signaling pathways, which are commonly involved in leptin signaling [51] . Thus, it is possible that GLP-1 and leptin did not potentiate their individual effects on Kiss-1 mRNA expression because they ultimately share common signaling pathways that induce gene expression in kisspeptin-producing cells. Otherwise, if it is true that combined stimulation with GLP-1 and leptin blocks their individual effects on Kiss-1 gene expression, leptin might have some inhibitory action on cAMP-dependent gene expression, as reported in mouse Leydig cells [52] .
Studies have defined a role for GLP-1 as a satiety factor in the central nervous system [36] . GLP-1 expression is altered in the brain, in that it is inhibited during fasting [14] and upregulated during highfat diet feeding [15] . In this study, we found that GLP-1 increased Kiss-1 gene expression in hypothalamic cell models. This observation implies that changes in GLP-1 levels (peripherally or centrally) during a state of starvation or negative energy balance would critically influence the HPG axis. Our findings might support a possible physiological role for GLP-1 as a metabolic signal to the reproductive system. However, it remains unknown how kisspeptin production within the hypothalamic kisspeptin neurons or how GnRH release is changed by GLP-1 administration. In addition, it is still unclear how pituitary gonadotropin release is affected by GLP-1. Furthermore, the cellular origin of the GLP-1 that regulates kisspeptin expression remains to be determined. We used rHypoE-8 and GT1-7 cells as a model for hypothalamic kisspeptin neurons. These cells are derived from different species and developed from different stages in different ways, and the original characteristics of these neuronal cells might have been altered by multiple passages in culture. The primary cultures of brain cells originated from fetal rat and contained whole neuronal cells of the brain. Our present studies using these cell models are genuinely representative of adult rodent hypothalamic neurons. This study is only a first step toward understanding the influence of GLP-1 on reproductive functions. It would be of great interest to fully understand the effect of this anorexigenic factor on more complex reproductive systems.
